Venom peptide toxins such as conotoxins play a critical role in the characterization of nicotinic acetylcholine receptor (nAChR) structure and function and have potential as nervous system therapeutics as well. However, the lack of solved structures of conotoxins bound to nAChRs and the large size of these peptides are barriers to their computational docking and design. We addressed these challenges in the context of the α4β2 nAChR, a widespread ligand-gated ion channel in the brain and a target for nicotine addiction therapy, and the 19-residue conotoxin α-GID that antagonizes it. We developed a docking algorithm, ToxDock, which used ensemble-docking and extensive conformational sampling to dock α-GID and its analogs to an α4β2 nAChR homology model. Experimental testing demonstrated that a virtual screen with ToxDock correctly identified three bioactive α-GID mutants (α
Venom peptide toxins such as conotoxins play a critical role in the characterization of nicotinic acetylcholine receptor (nAChR) structure and function and have potential as nervous system therapeutics as well. However, the lack of solved structures of conotoxins bound to nAChRs and the large size of these peptides are barriers to their computational docking and design. We addressed these challenges in the context of the α4β2 nAChR, a widespread ligand-gated ion channel in the brain and a target for nicotine addiction therapy, and the 19-residue conotoxin α-GID that antagonizes it. We developed a docking algorithm, ToxDock, which used ensemble-docking and extensive conformational sampling to dock α-GID and its analogs to an α4β2 nAChR homology model. Experimental testing demonstrated that a virtual screen with ToxDock correctly identified three bioactive α-GID mutants , had substantially reduced potency at the human α7 nAChR relative to α-GID, a desirable feature for α-GID analogs. The general usefulness of the docking algorithm was highlighted by redocking of peptide toxins to two ion channels and a binding protein in which the peptide toxins successfully reverted back to near-native crystallographic poses after being perturbed. Our results demonstrate that ToxDock can overcome two fundamental challenges of docking large toxin peptides to ion channel homology models, as exemplified by the α-GID:α4β2 nAChR complex, and is extendable to other toxin peptides and ion channels. ToxDock is freely available at rosie.rosettacommons.org/tox_dock. homology model | nicotinic receptor | conotoxin | docking | virtual screening V enom peptide toxins isolated from predatory marine cone snails (conotoxins) are prized research tools due to their native potency and selectivity for ion channels (1) (2) (3) (4) . Conotoxins have played an especially important role in elucidating how the many different subtypes of the nicotinic acetylcholine receptor (nAChR), a prototypical ligand-gated ion channel, contribute to diseases like nicotine addiction, Parkinson's disease, and neuropathic pain (5) (6) (7) (8) . Peptide engineering approaches such as alanine scanning and structure-guided mutagenesis have also been remarkably successful at expanding the limits of conotoxin pharmacology to include those nAChRs not naturally targeted by conotoxins (7) . However, some promising conotoxins remain challenging to optimize, and some important nAChRs are difficult to target.
The peptide α-GID was the first conotoxin found to have substantial antagonism at the rat α4β2 nAChR, with its IC 50 reported as 128-152 nM and 4.8 μM (9-11). The α4β2 nAChR is one of the most widely expressed nAChRs in the brain and is a validated target for smoking cessation therapeutics (11) (12) (13) . The receptor is formed from five homologous subunits, consisting of either two α4 subunits and three β2 subunits or three α4 subunits and two β2 subunits, organized like barrel staves to form a central channel (14) . Cations flow through the channel when acetylcholine (ACh) is bound at specific interfaces between subunits in the extracellular domain (14) , where α-GID presumably binds competitively (9, 15) . In addition to the α4β2 nAChR, α-GID potently antagonizes the rat α3β2 nAChR (IC 50 reported as 3.1-3.4 nM and 36 nM) as well as the rat α7 nAChR (IC 50 = 4.5-5.1 nM) (9) (10) (11) . Consequently, there has been significant interest in engineering an analog of α-GID that antagonizes the α4β2 nAChR but not the α3β2 and α7 nAChRs, especially for the human nAChRs (9) (10) (11) 15) . A recent study by Banerjee et al. (9) used structure-guided mutagenesis to discover Significance Predicting how conotoxins bind to nicotinic acetylcholine receptors (nAChRs) is hard. Not only are these venom-derived peptides large, but the structures of many nAChRs are unknown. In response, we developed an ensemble-docking algorithm named ToxDock. We used ToxDock to reliably dock the conotoxin α-GID to a homology model of the α4β2 nAChR, a main nAChR in the brain and target for nicotine addiction therapeutics. A virtual screen with ToxDock identified four α-GID analogs and, based on experimental evidence, correctly predicted their activity at the α4β2 nAChR in all cases. More screening showed that two of these analogs have substantially reduced antagonism at the human α7 nAChR, a key step in optimizing α-GID into a tool for studying brain nAChRs.
that α-GID[V18N] is selective for the rat α4β2 nAChR vs. the rat α3β2 nAChR. Developing an α-GID analog that retains its activity at the α4β2 nAChR while having reduced potency at the α7 nAChR has proven difficult. Millard et al. (10) made significant progress in this respect by performing alanine scanning on α-GID to elucidate the structural determinants of its activity at the α4β2 nAChR. They found that five alanine mutants of α-GID retained bioactivity at the α4β2 nAChR, but all also remained potent antagonists of the α7 nAChR (10) . Given that the α4β2 and α7 nAChRs are the most abundant nAChRs in the human brain (12, 16) , developing an α-GID analog that distinguishes between these two receptors has been, and remains, an important goal.
Docking has emerged as a very useful approach for rationalizing mutagenesis data on conotoxin and nAChR interactions (17) (18) (19) (20) (21) . Less well understood is whether docking and computational methods can be used to virtually screen for conotoxins with optimized properties, such as potency and selectivity, although recent efforts suggest this may be possible (22, 23) . There are two main challenges when docking and virtually screening conotoxins against nAChRs. First, the presence of highly mobile elements in peptide toxins, like the four-residue N-terminal "tail" of α-GID (11), can impact the results of docking simulations (24) . Second, although cocrystal structures of conotoxins and a homopentameric soluble surrogate of the nAChR ligand-binding domain [Acetylcholine Binding Protein (AChBP)] have been solved (25) , no crystal structure of a conotoxin and nAChR has been reported to date. This is problematic for a virtual screening campaign that uses a homology model of a heteromeric nAChR built on a homomeric AChBP template structure with less than 30% sequence identity to the nAChR, because effective virtual screening requires that the shape of the ligand-bound complex be known to high precision (26, 27) . Hypothetically, broad sampling of many different conformational states of both the conotoxin and nAChR homology model could overcome these two issues.
To address these dual challenges, we have developed a docking algorithm, ToxDock, in the context of the conotoxin α-GID and the α4β2 nAChR. ToxDock employs extensive conformational sampling of both the nAChR homology model and the conotoxin peptide to refine models of these complexes by combining two existing protocols in the Rosetta macromolecular modeling suite (28) , Rosetta FastRelax and Rosetta FlexPepDock (29, 30) (Fig. 1) . In the first stage of ToxDock, the entire complex is relaxed into lower energy states, followed by flexible docking of the conotoxin with ensemble docking in the second step (Fig. 1) . In this manner, ToxDock is a refinement algorithm that can simulate a peptide toxin bound to an ion channel, given sufficient data for the bound complex. Using ToxDock, we investigate two principal questions. Can an algorithm that accounts for the conformational flexibility of a toxin peptide:ion channel complex be used to dock α-GID and its analogs to the α4β2 nAChR with confidence? If so, can it also be used to discover new α-GID derivatives bioactive at the α4β2 nAChR, and do any of these new derivatives have novel properties such as reduced potency at the human α7 nAChR?
We undertook both benchmark and prospective docking screens of α-GID analogs against a homology model of the α4β2 nAChR using ToxDock, followed by experimental assays at nAChR subtypes and structural characterization of α-GID analogs. We also sought to obtain additional corroboration of our binding pose for α-GID by docking it into the recently crystallized structure of the α4β2 nAChR in complex with nicotine (31) . Docking α-GID to this crystal structure could help confirm the binding mode of α-GID, but studies have also shown that the binding pocket adopts distinctive interfaces depending on whether an agonist or antagonist is present (32) (33) (34) (35) . Finally, we performed redocking experiments on crystal structures of peptide toxins with two different ion channels and a binding protein to probe the generality of ToxDock. Our extensively benchmarked docking algorithm can overcome some of the fundamental limitations in docking the conotoxin α-GID to the α4β2 nAChR, and may prove useful for other toxin peptide:ion channel systems. 
Results
Development and Benchmarking of ToxDock. Our initial goal was to develop a docking method that could reliably model the α4β2 nAChR in complex with α-GID analogs, without knowing the structure of either. To construct the homology model, five template structures of AChBP from Aplysia californica in complex with different α-conotoxins (33, (36) (37) (38) were used to build 1,000 homology models of the human α4β2 nAChR extracellular subunit dimer using Modeller-9v11 (SI Appendix, Fig. S1A ). The top model, judged by Modeller's Discrete Optimized Protein Energy score, was selected for docking (SI Appendix, Fig. S1B ). Models of six α-GID analogs that are known antagonists of the rat α4β2 nAChR ("bioactives") and 13 analogs that are not ["inactives" (i.e., IC 50 is much greater than 1 μM)] were added individually to the homology model (10) . All models were based on the NMR structure of α-GID (11), and their initial placement was guided by the cocrystal structure of AChBP and an α-PnIA variant (36) . These complexes were then subjected to four levels of progressively greater conformational sampling. Our criterion for the performance of each method on the set of mutants was the area under curve (AUC) computed from a receiver operating characteristic plot (39) , which indicates the extent to which models refined by each method could rank the six bioactive α-GID analogs over the 13 inactive ones.
At the lowest level of sampling, only the side chains of the receptor and peptide were repacked with Rosetta, and the resulting complexes were ranked by their Rosetta total scores ("Unrefined Model"). Neither the backbone of the peptide nor the receptor was permitted to move. This led to an AUC of 0.64 ± 0.16, which was not statistically different from the AUC of 0.5 that corresponds to a random ranking ( Fig. 2A) . Next, refining each complex by flexibly docking the α-GID analogs 200 times with Rosetta FlexPepDock and calculating a score over the lowest scoring 25 models ("Docking to Unrefined Model") led to a modest improvement in the AUC to 0.69 ± 0.13, but this effect was not significant ( Fig. 2A ). These findings suggested that a more aggressive conformational search was necessary. To this end, we used the Rosetta Relax protocol to sample 200 conformations of the entire complex in which both backbones and side chains were allowed to move (SI Appendix, Fig. S2 ; scores are approximately normally distributed and have a small SD) and docked the α-GID analogs to the lowest scoring model 500 times with Rosetta FlexPepDock. This scheme ("Docking to 1 Relaxed Model") led to a significant improvement, with the AUC climbing to 0.79 ± 0.12 ( Fig. 2A) . Finally, we examined the effect of ensemble docking by docking the α-GID analogs 500 times with FlexPepDock to each of the five lowest scoring models in the relaxed set (Fig. 1 ). This technique ("ToxDock"; SI Appendix, Table S1 ) was the most successful overall, with an AUC of 0.86 ± 0.10 that is close to the theoretical maximum of 1.0 (Fig. 2) . Importantly, all four of the lowest scoring complexes also contained α-GID analogs that are true bioactives at the α4β2 nAChR (SI Appendix, Fig. S3 ). Given the small sample size of the data, we also compared the scores of the bioactives and inactives using Mann-Whitney and permutation tests to ensure the differences in ToxDock scores between the bioactives and inactives were not due to chance. Both tests revealed that the differences in the scores that ToxDock assigned to the two classes were significant (P = 0.013 and P = 0.007, respectively). These results demonstrate that extensive conformational sampling can produce faithful models of α-GID analogs in complex with an α4β2 nAChR homology model.
We next compared the lowest scoring ToxDock refined model to the starting (unrefined) homology model. The poses were broadly similar but had some important differences (Fig. 2B) . Specifically, in the ToxDock model, the N-terminal tail of α-GID was compact and somewhat helical, in accordance with previous speculation that this region, which adopts many conformations in its solution NMR structure, may be more defined when in contact with the α4β2 nAChR (40) . In contrast, the tail was more extended in the starting pose. The C-terminal region (residues 15-19) also exhibited structural differences, with the ToxDock refined model perturbed from the starting conformation [2.4-Å Cα root mean square deviation (rmsd)]. In terms of the receptor, the ToxDock and starting models were generally similar, even in highly flexible regions on the β2 subunit. One place this was not true was loop C, which ToxDock pushed slightly outward relative to the starting model (Fig. 2B ). Taken together, it appears that refinement with ToxDock largely resulted in the poses that are still in the general vicinity of the starting model but contain subtle structural differences that cumulatively result in their improved accuracy.
Virtual Screen and Selection of α-GID Mutants. To examine the accuracy of ToxDock at making new predictions, a library of 256 α-GID point mutants was prepared in silico using PyRosetta and the solution NMR structure of native α-GID (11, 41) . Each of the peptides was superimposed onto the α4β2 nAChR homology model used in the benchmarking study, using the α-PnIA[A10L,D14K]:AChBP complex as a guide. These complexes were then refined with ToxDock ( Fig. 3A) . After the initial virtual screen, roughly 25% of the α-GID derivatives were predicted to be bioactive at the human α4β2 nAChR (Fig. 3A) , with scores equal to or below the threshold score derived from the benchmarking analysis (−637 Rosetta energy units) that separates bioactive from inactive α-GID mutants (SI Appendix, Fig. S3 ). As it was only feasible to experimentally test a subset of the α-GID bioactive predictions, we applied a series of evolutionary and sequence-based filters to identify positions on α-GID that were nonconserved, hydrophobic, and buried ( Fig. 3A and SI Appendix, Fig. S4 ). These filters identified which of the 19 residues of α-GID might be open to point mutations that would not negatively affect function. Previous studies have demonstrated that making point mutations at positions that are nonconserved, hydrophobic, and buried can increase the odds of successful protein design (42) (43) (44) .
First, to identify the nonconserved α-GID residues, a multiple sequence alignment of 20 α-conotoxins with the same spacing of cysteine residues (4/7) as α-GID was performed. Due to their role in conferring structural stability and function, the cysteine residues at positions 5, 6, 11, and 19 were completely conserved. Serine 7 and Proline 9, which comprise the well-known S-X-P motif (3), also had 95% and 90% sequence identity, respectively ( Fig. 3A and SI Appendix, Fig. S4A ). The remaining 13 positions, which all had sequence identity of less than or equal to 75%, were considered nonconserved (SI Appendix, Fig. S4A ; marked with yellow stars in Fig. 3A) . Second, using Chimera (45), the Kyte-Doolittle hydrophilicity was calculated for each position on α-GID, resulting in eight positions being identified as hydrophobic (hydropathy score > 0) (SI Appendix, Fig. S4B ; marked with yellow stars in Fig. 3A) . Third, Chimera was also used to calculate the solvent-accessible surface area (SASA) for each residue on α-GID in the ToxDock refined model. Three α-GID positions were clearly solvent-exposed, while the remaining 16 had a per-residue SASA of less than 150 Å 2 and were classified as buried (SI Appendix, Fig. S4C ; marked with yellow stars in Fig. 3A) . Two positions that met all three criteria of being nonconserved, hydrophobic, and buried were Ala-10 and Val-13 ( Fig. 3A and SI Appendix, Fig. S4 ). Finally, phylogenetic analysis by maximum likelihood was performed on a set of 46 α-conotoxins from 24 different cone snail species. We found that position 13 is undergoing positive selection (SI Appendix, Table S2 ). Based on the three postdocking filters, we chose positions 10 (A10) and 13 (V13) of α-GID for making point mutations. Specifically, two α-GID analogs with point mutations at position 10 (A10V and A10Q) and two analogs with point mutations at position 13 (V13I and V13Y) were chosen for synthesis and experimental assays. One of the peptides, α-GID[A10Q], had a score above threshold and was predicted to be inactive (Fig. 3A) . Three of these peptides, α-GID[A10V], α-GID[V13I], and α-GID[V13Y], had scores below threshold and were predicted to be bioactive at the human α4β2 nAChR (Fig. 3A) . These three predicted bioactives were chosen to select one relatively modest mutation (α-GID[V13I]) and two "riskier" mutations (α-GID[A10V] and α-GID[V13I]) that might also have novel function. For example, the prediction that the V13Y mutation would be bioactive (Fig. 3A) was surprising, as previous reports had speculated that aromatic residues could not be accommodated at that position due to the tight fit between the conotoxin and receptor (9, 18) . However, inspection of the 25 lowest energy models that comprise the ToxDock ensemble showed that the hydroxyl group on the tyrosine's aromatic ring is capable of participating in buried polar interactions with backbone atoms on the receptor that could make this interaction favorable (Fig. 3B) . Notably, all 25 models that comprise the ToxDock ensemble made polar contacts with the backbone of β2[L121]. In addition, depending on which conformer was considered, additional polar contacts were possible (Fig. 3C) . Finally, the tyrosine aromatic ring appeared to pack tightly against β2[V111] and β2[F119] (Fig. 3B) . Table S4 ) and indicated that both peptides adopted the expected conformations, with correct bonding of Cys-5 to Cys-11 and Cys-6 to Cys-19. The disulfide bond connectivities were determined based on the NMR data alone and were consistent with those found in wild-type α-GID.
Each α-GID derivative peptide was characterized experimentally with a fluorescent membrane potential assay to assess its ability to block the response to ACh of human α4β2, α7, α3β2, and α3β4 nAChRs in stably transfected HEK cells (14) (Fig. 4 and Table 1 ). All three peptides predicted to be bioactive by ToxDock (α-GID[A10V], α-GID[V13I], and α-GID[V13Y]) at the human α4β2 nAChR exhibited significant inhibition of this receptor (Fig. 4A) . α-GID[V13Y] was the most potent analog, with an IC 50 indistinguishable from the native peptide (IC 50 = 3 μM), followed by α-GID[V13I] and α-GID[A10V] (IC 50 = 8 μM and IC 50 = 30 μM, respectively) ( Fig. 4A and Table 1 ). Although α-GID[A10V] had the weakest antagonism overall, it was still bioactive at the human α4β2 nAChR. The peptide predicted by ToxDock to be inactive at the human α4β2 nAChR, α-GID[A10Q], displayed no antagonism of the receptor when tested at up to 200 μM (Fig. 4A) . The ToxDock predictions were also confirmed when the peptides were tested with two-electrode voltage clamp electrophysiology (TEVC) at the rat α4β2 nAChR expressed in Xenopus oocytes (SI Appendix, Fig. S6A ).
The TEVC results were reassuring, given that the rat and human α4β2 nAChR receptor binding pockets are nearly identical (SI Appendix, Fig. S6B ).
The inhibitory activity of the α-GID derivative peptides was also examined at the human α3β2, α3β4, and α7 nAChRs (Fig. 4 B-D and Table 1 ). Perhaps due to the high conservation between the binding pockets of the α3β2 and α4β2 nAChRs, which differ by only a single methyl between the α3 and α4 subunits in the vicinity of these mutations (9) (SI Appendix, Fig. S7 ), all of the peptides bioactive at the α4β2 nAChR were also potent antagonists of the α3β2 nAChR (IC 50 = 0.003 μM, IC 50 = 0.001 μM, and IC 50 = 0.002 μM for α-GID[A10V], α-GID[V13I], and α-GID[V13Y], respectively) (Fig. 4C) . In addition, just as is the case with the native α-GID, none of the peptides displayed any antagonism at the α3β4 nAChR subtype (Fig. 4D and Table 1 ). Conotoxin α-AUIB was used as a positive control for the α3β4 nAChR and displayed the expected antagonism (IC 50 = 0.1 μM; SI Appendix, Fig. S8 ).
While native α-GID is a strong antagonist of the human α7 nAChR (IC 50 = 0.1 μM; Table 1 ), two of the peptides designed with ToxDock, α-GID[A10V] and α-GID[V13Y], had strongly diminished activity at the human α7 nAChR up to 10 μM (Fig. 4B) . α-GID[A10V] had no discernable inhibition at up to 10 μM, although additional testing at 50 μM revealed Fig. 4 . Fluorescent membrane potential experiments. Inhibition of the human α4β2 (A), α7 (B), α3β2 (C), and α3β4 (D) nAChRs as a function of peptide concentration for native α-GID and the four peptides designed by ToxDock is shown. The peptides predicted to be bioactive at the α4β2 nAChR have red circles by their names, and the peptide predicted to be inactive has a blue circle. All dose-response experiments were performed using fluorescent membrane potential assays on HEK cell lines stably transfected with the respective combination of nAChR subunits. ACh concentrations used to evoke the currents were 30 μM for the α7 nAChR, 0.5 μM for the α4β2 nAChR, 1 μM for the α3β2 nAChR, and 5 μM for the α3β4 nAChR. significant (73%), but not complete, inhibition of the human α7 nAChR at that concentration (SI Appendix, Fig. S9 ). It was also found that α-GID[V13Y] had reduced antagonism at the α7 nAChR, relative to the native, with an IC 50 of 4 μM (Fig. 4B and Table 1 ). Taken together, these data indicate that α-GID[V13Y] and especially α-GID[A10V] discriminate against the human α7 nAChR.
Docking α-GID to the α4β2 nAChR Crystal Structure. As this paper was being prepared, the crystal structure of the α4β2 nAChR in complex with the agonist nicotine became available (31) . We examined if our pose for α-GID in the homology model matched when docking it to this crystal structure (Fig. 5) . Initially, there was a clash between loop C of the α4 subunit and α-GID after the conotoxin was superimposed onto the receptor. This clash was cleared by the Rosetta Relax phase of ToxDock (SI Appendix, Fig. S10 ). In the final pose after docking, the peptides in the crystal structure and homology model had a 1-Å Cα rmsd when aligned to each other. The largest differences in the poses were in the N-and C-terminal regions, which are the most flexible parts of the conotoxin (SI Appendix, Fig. S11 ). Key aromatic residues in the α4β2 nAChR binding pocket (47) had the same positions and rotamers in the two models (Fig. 5 ). On the α4 subunit, TyrC1, TyrC2, and TrpB all occupied the same positions and rotamers in the two models, and TrpD on the β2 subunit was in nearly the same position (Fig. 5 ). There were some differences, such as in the side-chain orientation of R12 on α-GID. Nonetheless, these data suggested that α-GID adopted largely the same docked poses in the crystal structure and homology model.
ToxDock Applied to Other Toxin Peptide:Ion Channel Systems. The generality of ToxDock was examined by measuring its redocking performance on three proteins of varying size and structure that bind peptide toxins and for which crystal structures have been determined. These were α-PnIA[A10L,D14K] and AChBP (α-PnIA:AChBP), Psalmotoxin and human acid-sensing ion channel (PcTx1:ASIC1a), and Charybdotoxin and a potassium channel (CTX:K + ) (36, 48, 49) (Fig. 6 A-C and SI Appendix,
Figs. S12 and S13 A-C). In the redocking experiments, the peptide toxin was moved from its crystallographic pose using rotations and translations (SI Appendix, Fig. S12) , and ToxDock was then applied to the perturbed pose to see if it could recover the native crystallographic orientation. In all three cases, at least one model in the ToxDock ensemble had a peptide Cα rmsd of less than 2.6 Å and within a factor of 2 of the lowest overall peptide Cα rmsd, indicating that the ensemble could capture near-native poses (SI Appendix, Fig. S13 D and E) . Specifically, for the 16-residue α-PnIA[A10L,D14K], the lowest peptide Cα rmsd was 0.6 Å (Fig. 6A) and the mean over the ToxDock ensemble was 1.6 ± 0.5 Å (SI Appendix, Fig. S13 A and E). For Psalmotoxin, which is more than twice the size, with 40 amino acids, the lowest peptide Cα rmsd was 1.2 Å (Fig. 6B ) and the mean peptide Cα rmsd over the ToxDock ensemble was 2.3 ± 0.4 Å (SI Appendix, Fig. S13 B and E). Charybdotoxin was the most challenging case overall, with a mean peptide Cα rmsd over the ToxDock ensemble of 5.7 ± 2.0 Å (SI Appendix, Fig. S13 C and E), but near-native poses were also captured as well; the lowest overall peptide Cα rmsd was 1.3 Å (Fig. 6C ) and the lowest peptide Cα rmsd in the ensemble was 2.6 Å. Taken together, these data indicate that ToxDock is capable of modeling how medium to large peptide toxins dock to diverse ion channels.
Discussion
Peptide toxins isolated from venomous creatures have played a major role in elucidating the structure and function of ion channels (1) . In addition to nAChRs (50) , venom peptides are used to study the structure and function of sodium (51), potassium (49), calcium (52), ASIC (48), and transient receptor potential (TRP) channels (53) . Given the utility of animal venom peptides as probe compounds, their estimated abundance in the millions, and the challenge of synthesizing and screening them (46) , new computational methods are needed to accelerate their discovery and development. Next-generation sequencing and proteomic discovery strategies would also benefit from computational approaches that help to narrow down which of the large number of putative toxins they identify are potentially active or selective for a given target (54) . Structure-based virtual screening could be particularly useful in these contexts, but its potential has remained unclear due to the size of peptide toxins and the lack of crystal structures of the ion channels that they target. We addressed this challenge in the context of a homology model of the α4β2 nAChR, a prototypical ligand-gated ion channel, and the conotoxin α-GID that antagonizes it. Our two broad goals were to see if an algorithm for correctly docking α-GID and its analogs to the α4β2 nAChR could be developed by accounting for the conformational flexibility of these complexes, and if so, whether it could be used to discover new α-GID derivatives and those with functionally interesting properties. One of our main findings is that, with extensive treatment of its conformational flexibility, a homology model of nAChR with less than 30% sequence identity to its template can be refined so that it is capable of discriminating between inactive and bioactive mutants of a conotoxin (Figs. 1 and 2) . Using functional assays, we found that all four predictions from a virtual screen based on the homology model (Fig. 3) were correct (Fig. 4 and Table 1 ). The ability to identify bioactive α-GID mutants is particularly useful because the majority of mutants of α-GID that have been synthesized and tested are inactive. Two of the α-GID point mutants identified in the virtual screen, α-GID[A10V] and α-GID[V13Y], have substantially reduced antagonism at the human α7 nAChR. Using ToxDock, we showed that docking α-GID into two ostensibly dissimilar structures, the α4β2 nAChR crystallized with an agonist and an α4β2 nAChR homology model based on the AChBP/conotoxin template structure, resulted in similar poses for the peptide (Fig. 5) . Finally, we confirmed the broader applicability of our docking program on crystal structures of peptide toxins in complex with ion channels and a binding protein (Fig. 6) . These findings are discussed in more detail below, along with possible future directions and improvements to the ToxDock method.
Importance of Conformational Sampling in Modeling the α-GID:α4β2 nAChR Complex. Our benchmarking experiments demonstrated that as more conformational sampling was included in the docking procedure, the ability of the refined homology model to discern between bioactive and inactive α-GID analogs improved ( Fig. 2A) . The identification of α-GID[V13Y] in the virtual screen also highlights how this extensive sampling is critical for making new predictions borne out by experiment. In the case of α-GID[V13Y], if the score for its interaction with the α4β2 nAChR had only used models based on a single conformation of the complex, then the favorable nature of its binding would have been underestimated. This is because different conformations of the channel and peptide captured different interactions, but no single conformation comprised all three interactions that were possible between the tyrosine hydroxyl group and the backbone amide and carbonyl groups of the receptor (Fig. 3C) . Specifically, models based on conformation 2 captured that the hydroxyl group can form polar contacts with the amide group of β2[L121] and the carbonyl group of β2[N109], but did not predict any interactions with the carbonyl group of β2 [L121]. Conversely, models based on conformation 4 had polar contacts with the amide and carbonyl of β2[L121], but not with β2 [N109]. Thus, modeling α-GID[V13Y] as a superposition of these different conformers allowed the favorable nature of its interactions with the α4β2 nAChR to be captured more fully than if only a single conformation had been used and led to the correct prediction that it would be bioactive. Experimental validation of this prediction was particularly gratifying, given that the nearly identical α-GID[V13F] has been shown to be inactive at the rat α4β2 nAChR (9) .
Extensive computational sampling also played a role when docking α-GID to the agonist-bound crystal structure of the α4β2 nAChR (Fig. 5) . It was unclear if docking α-GID to the α4β2 nAChR agonist-bound structure could lead to agreement with the homology model because the nAChR binding pocket undergoes significant rearrangement depending on whether an agonist or antagonist is present (25, 33, 34) . We found that the poses of α-GID in the α4β2 nAChR crystal structure or AChBPderived homology model were similar after refinement with ToxDock, and that initial steric collisions between the conotoxin and loop C were alleviated through global relaxation of the receptor backbone. The concordance between the poses of α-GID in the two models suggests they have captured the binding pose of α-GID reasonably well. More broadly, our finding raises the possibility that the extracellular domains of agonist-bound nAChR structures could potentially be used as an alternative to, or in conjunction with, AChBP-derived homology models for docking conotoxins, provided they are subject to appropriate refinement.
α-GID Analogs with Useful Properties. A key finding from this study is that two of the three α-GID analogs identified by the virtual screen, α-GID[A10V] and α-GID[V13Y], had the long-soughtafter property of reduced activity at the human α7 nAChR without sacrificing their activity at the α4β2 nAChR. These findings suggest that even a relatively modest virtual screen of 256 α-GID point mutants, further focused by the use of postdocking filters, can uncover novel peptide ligands with favorable properties. This result agrees with the recent α-GID modeling study of Suresh and Hung (15) . Using sophisticated umbrella sampling and free-energy calculations, they came to the conclusion that a point mutation on the N-terminal tail, a different region of α-GID than the one we focused on, could potentially also impart specificity for the α4β2 nAChR (15) . More generally, our findings are in accord with published results of Hogg et al. (55) and Luo et al. (56) , who showed that a single-residue alteration in a similar conotoxin, α-PnIA, is sufficient for switching its nAChR subtype selectivity.
A mechanistic hypothesis for why α-GID[V13Y] has reduced activity at the human α7 nAChR can be developed by comparing the binding pockets of the α4β2 and α7 nAChRs. In the case of α-GID[V13Y], the lack of a T-shaped pi-stack with β2[F119] (which is a glutamine in the α7 nAChR) and the additional steric hindrance from a leucine in the α7 nAChR (which is Val-111 in the α4β2 nAChR) positioned close to the tyrosine side chain may have sufficed to cause the loss of activity at the α7 nAChR. In a broad sense, chemical novelty conferred new biological properties, which is often the case for docking and virtual screening studies of small molecules (57) . Mutations at other positions may also result in α-GID derivatives that discriminate against the α7 nAChR. For example, the hydrophobic, conservation, and buried residue filters used to pinpoint positions 10 and 13 for making mutations were also in agreement that position 18 would be a viable choice for making mutations. Since this is the position at which the α-GID mutant selective for the rat α4β2 nAChR vs. the α3β2 nAChR was discovered, it implies that integrating additional sources of information such as evolutionary data can help to accelerate the discovery of optimized mutations by pinpointing the most promising sites to search for mutations (54, 58) .
Combining the mutations identified in this study with those previously found (9-11) may facilitate the development of an α-GID derivative that is truly selective for the α4β2 nAChR. However, to be effective as a tool compound, the potency of such an α-GID analog at the α4β2 nAChR would also need to be increased into the low nanomolar range, commensurate with other classical conotoxin probes such as MII (4) . One particularly promising route for achieving this aim could be developing α-GID analogs with noncanonical amino acids (NCAAs), which Hopping et al. (18) used to increase the potency of the conotoxin α-PnIA at the α7 nAChR. The recent incorporation of NCAAs into Rosetta could also facilitate such an effort (59) . Finally, the design of more potent α-GID analogs could exploit our finding that α-GID[V13Y] is ∼1,000-fold weaker at the α4β2 nAChR than at the α3β2 nAChR despite only one residue differing between the α3 and α4 subunits in the vicinity of α-GID [Y13] . Since this residue is a threonine on the α4 subunit and a serine on the α3 subunit, it appears that the presence of a single additional methyl group in α4 may account for the much weaker potency of α-GID[V13Y] at the α4β2 nAChR. Thus, a design consideration when choosing canonical or noncanonical mutations to α-GID appears to be avoiding steric clashes with α4[Thr157].
As specialized methods for peptide toxin synthesis and nAChR screening continue to be developed, such as parallelized oxidative folding (60) and high-throughput electrophysiology (61) , it may become possible to test the majority of bioactive predictions made by a virtual screen with ToxDock to discover additional analogs with novel activity.
Improvements to ToxDock. Two improvements to ToxDock could be made that would enhance its generality and utility. First, both computational and experimental efforts have demonstrated that the interaction of peptide toxins with the cellular membrane can play a key role in their docking to ion channels (62) (63) (64) . Thus, the addition of an explicit or implicit representation of the membrane to ToxDock might help it to model peptide toxin:ion channel docking for systems like TRP and sodium channels where membrane interactions are important. Second, combining ToxDock with a protocol for estimating relative binding affinities would enable ToxDock to go beyond prediction of bioactivity to guide improvements in potency of peptide toxin analogs. Since one of the most important components of an affinity calculation is a realistic binding pose, which ToxDock appears to achieve reasonably well for both homology models and crystal structures, it is possible that using ToxDock-derived poses as the basis for free-energy perturbation (FEP) calculations could yield estimates of relative binding affinities for peptide toxin mutants. Recent efforts suggest that computing relative binding affinities for peptide toxin and channel systems is within the domain of applicability of FEP (65) . However, given that FEP calculations are sensitive to the amount of conformational reorganization that a protein undergoes (66, 67) , it is possible that specialized enhanced sampling protocols may need to be developed to fully accommodate the flexibility of conotoxins like α-GID.
In summary, this study demonstrates the feasibility of a combined computational and experimental approach for an α-conotoxin and nAChR and opens up the possibility of it being applied to the growing number of identified peptide toxins and their ion channel targets. Moreover, it highlights the value in using extensive conformational sampling to model peptide toxin:ion channel complexes and what kind of functional and structural data are necessary for validating those efforts. To facilitate such studies, we have made ToxDock publicly available as a server that can be freely and easily used by any member of the academic research community (rosie.rosettacommons.org/tox_dock).
Materials and Methods
Homology Modeling. The α4β2 nAChR extracellular domain dimer was modeled using Modeller (68) (33, (36) (37) (38) . The alignment between AChBP and the nAChR sequences was based on a multiple sequence alignment presented previously (47) . The sequence identity between AChBP and the extracellular domains was 27.8% and 23.4% for the α4 and β2 subunits, respectively. Docking and Virtual Screening. Docking and virtual screening of α-GID and α-GID analogs against the α4β2 nAChR homology model was performed using our ensemble-docking algorithm, ToxDock, using Rosetta revision 57232 and the talaris2013 weight set. ToxDock is available at rosie.rosettacommons.org/ tox_dock. Models of α-GID mutants were based on its NMR structure (PDB ID code 1MTQ) (11) . Apo rotamers for AChBP were obtained from PDB ID code 2Y7Y (69).
Molecular Dynamics Simulation. Molecular dynamics simulations were completed using DESMOND version 4.4 (70) with the OPLS3 forcefield after preparation with the System Builder workflow (Schrödinger).
Peptide Synthesis. All peptides were synthesized by The Rockefeller University Proteomics Center using Fmoc solid-phase peptide synthesis as previously described (46) . NMR Solution Structure Derivation. Standard homonuclear NMR techniques were used to solve the solution structures of α-GID[A10V] and α-GID[V13Y]. Data were collected at 7°C, and structures were obtained via simulated annealing and explicit water refinement, using nuclear Overhauser effect (NOE) distance restraints and chemical shift-derived angular restraints as input for the calculations. The temperature of 7°C was chosen to maximize the number and intensity of observable NOE distance restraints and also for consistency with previous NMR studies of α-GID (11). For final calculations, hydrogen and disulfide bonds consistent with the NMR data and preliminary structures were also included in the calculations.
Fluorescent Membrane Potential Assay. For functional tests of nAChRs expressed in HEK cells, we used a FLEXstation (Molecular Devices) bench-top scanning fluorimeter as described by Kuryatov et al. (14) . To increase the expression level of α3β2 nAChRs, the plates were incubated at 29°C for 20 h before being tested. The α7 cell line was tested as described by Kuryatov et al. (71) . A membrane potential fluorescent indicator kit (Molecular Devices) was used according to the manufacturer's protocols. Peptides were added 1 h before recordings. ACh concentrations used to evoke currents were 30 μM for the α7 nAChR, 0.5 μM for the α4β2 nAChR, 1 μM for the α3β2 nAChR, and 5 μM for the α3β4 nAChR. All recordings were performed at 29°C. Each data point was averaged from three responses from separate wells. IC 50 values were calculated from a nonlinear fit of the Hill equation to the data (GraphPad Prism version 7.0). Native α-GID was purchased from Smartox Biotechnology. Conotoxins AuIB and MII were purchased from Tocris.
Electrophysiological Measurements. The nAChR cDNAs were provided by J. Patrick, Baylor College of Medicine, Houston, TX, and subcloned into the oocyte expression vector pNKS2. The cRNA was synthesized with the SP6 mMessage mMachine kit (Ambion), and Xenopus laevis (Nasco International) oocytes were injected with 50-nL aliquots of cRNA (0.05 mg/mL). The nAChR subunits were mixed at the ratio of 5:1 (α4:β2).
Antagonist dose-response curves were measured as described (72) in ND96 (96 mM NaCl, 2 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM Hepes at pH 7.4). Briefly, current responses to 100 μM Ach were recorded at −70 mV using a Turbo Tec 05X Amplifier (NPI Electronic) and Cell Works software. A fast and reproducible solution exchange (<300 ms) was achieved with a 50-μL funnel-shaped oocyte chamber combined with a fast solution flow (∼150 μL·s −1 ) fed through a custom-made manifold mounted immediately above the oocyte. Agonist pulses were applied for 2 s at 4-min intervals. Peptides were applied for 3 min in a static bath. IC 50 values were calculated from a nonlinear fit of the Hill equation to the data (GraphPad Prism version 6.0). Data are presented as mean ± SE from at least three experiments.
